A major objective of biogeochemical studies of coral reefs is to quantify fluxes of particulate and dissolved matter between the reef and overlying waters. However, direct measurements of these fluxes are hard to obtain due to the typically small concentration changes as the water flows over the bottom and due to shear, turbulent mixing and concentration gradients characterizing benthic boundary layers. Using state-of-the-art underwater technology, we were able to apply the "Control Volume" approach to measure in situ phytoplankton grazing on a scale of a whole coralreef community. The results indicate that the import of carbon and nutrients via this grazing is a major, previously underestimated, trophic pathway in coral reefs. The amount of phytoplankton grazed by 1 m 2 of reef is similar to the total phytoplankton produced in the entire water column of the surrounding sea under I m 2 of sea-surface. The import of allochthonous nutrients into the reef via this grazing balances the downstream leak of dissolved nutrients. Physically, the flow over the rough topography of the reef produces enhanced turbulence, enabling high grazing rates to be sustained, while on larger scales, the exchange between the offshore ocean and the reef is supported by buoyancy-driven flows. With the advent of underwater technology, the control volume technique is no longer limited to unique situations (e.g. closed lagoons, shallow flats), but should be generally applicable for measurements of benthicpelagic fluxes in oceans and lakes.
Introduction
The answers to many key ecological questions in benthic ecology depend on accurate measurements of fluxes across the benthic boundary. The coral reef is one of many benthic ecosystems for which such measurements are scarce (reviewed by Hatcher, 1997) . Available estimates are questionable since they either represent unique situations (e.g. mixed waters over a shallow flat), or are based on indirect measurements (e.g. extrapolation from chambers, laboratory flumes). We are still unsure, for example, whether coral reefs are a net sink or source for atmospheric CO2 (e.g. Kayanne et al., 1995 vs. Gattuso et al., 1996 , nor is it clear to what extent nutrients in coral reefs are recycled (Odum, 1971) , absorbed directly from the flowing water (Atkinson, 1992) , or imported via intense benthic grazing on plankton (Glynn, 1973; Fabricius and Dommisse, 2000) . Even the measure of carbon input via community grazing on plankton is imprecisely estimated for coral reefs, except for a few unique situations such as closed lagoons or perforated reefs (Hatcher, 1997; Yahel et al., 1998) . Nevertheless, it is generally agreed that the gross productivity of coral reefs, rivaling that of the most productive ecosystems in the ocean, is an order of magnitude higher than that of the typically poor, oligotrophic sea around the reef.
Obviously, nutrient scarcity, that limits the phytoplankton productivity in the ambient waters, is somehow relaxed in coral reefs. Earlier investigators (e.g. Odum, 1971 ) considered tight recycling within the reef community to be the main mechanism allowing high gross productivity to be maintained. This old paradigm has recently shifted,due in great part to the studies of Atkinson and colleagues (e.g. Atkinson, 1992; Hearn et al., 2001) . Their work showed that direct removal of dissolved nutrients by the reef community, a process that depends on flow and bottom drag, is sufficiently high to account for the ecosystem's productivity, specifically at sites where the bottom is rough and the currents are strong. However, neither the "recycling" nor the "nutrient uptake" explanations account for the leak of nutrients from the ecosystem to the open sea, which can be substantial (e.g. Delesalle et al., 1998; Hata et al., 1998) . "Exotic" sources of nutrients, such as groundwater and upwelling, were found at some sites (e.g. D 'Elia et al., 1981) but their general prevalence is questionable (Tribble et al., 1994) .
Clearly, accurate measurements of mass fluxes across the bottom-water interface are required in order to understand the trophic functioning of coral reefs (as well as many other benthic ecosystems). However, such Oceanography • VoL 15 • No. 2/2002 in situ measurements are almost always difficult to obtain since gradual changes of concentrations in the water flowing over the bottom are usually hard to detect, while at the same time, those concentrations may change considerably with distance from the bottom (e.g. O'Riordan et al., 1993; Yahel et al., 1998) . Generally, mass fluxes between stationary objects and moving fluids can be straightforwardly measured under conditions of fairly homogeneous or confined flow. Common examples include studies conducted in flumes and wind tunnels, to more complex measurements made in streams and rivers (Street et al., 1996) . Various techniques (reviewed by Wildish and Kristmanson, 1997) have been used to overcome the difficulties in measuring mass fluxes in such habitats. One such technique is the "chamber" experiment, where a single organism or a small section of the benthic community is enclosed in situ in a water-tight container (e.g. Hopkinson et al., 1991) . However, this highly intrusive method is size-limited, blocks natural flows, prevents food replenishment and potentially introduces serious artifacts. Other techniques can be applied in unique situations where the geometry is advantageous, such as lagoons and channels. In yet another technique, Eulerian measurements at one spot (e.g. Atkinson, 1992) or Lagrangian measurements aboard a raft (e.g. Barnes and Lazar, 1993 ) are made at a place where the water column is assumed to be fully mixed -e.g. the reef flat. However, in many cased such measurements are made in situations where the flow is vertically sheared and the water is not well mixed, so that calculations of mass fluxes that are based on measuring the gradual changes in the concentration of elements at a fixed depth as the water flows down-stream (e.g. Fabricius and Dommisse, 2000) could be erroneous.
The Control Volume Experiment
The artifacts, restrictions and assumptions underlying the above techniques render them non-usable in most benthic habitats, particularly the wide-open, subsurface parts of ecosystems, such as the coral reef slope (Hatcher, 1997) . Here we introduce a novel application of a standard, well-established engineering approach, the "Control Volume" (Street et al., 1996) , to measure in situ biogeochemical fluxes over large sections of coral reefs. Underlying this approach is the designation of an imaginary box (Figure 1 ) in which the base is a section of the benthic community and the four "virtual walls" extend through the water column up to either a clear boundary (e.g. sea surface) or an imaginary "ceiling". By calculating net fluxes through the walls and ceiling one can determine (through integration) the net sink (or source) of a substance at the volume's "floor", i.e. across the benthic-water interface. Fluxes are calculated based on simultaneous measurements of currents and concentrations across the volume.
Our objective was to evaluate the extent to which allochthonous carbon and nutrients are imported to the reef via benthic grazing on water-born plankton. 
(see Photo 4). The blue instruments at the center of the "box" represent the 3 ADVs (on a tripod) and an uplooking ADCP (on the bottom) (see Photo 5). A video camera (blue, front) was used to assure the absence of divers during the runs and that the instruments' position and orientation remained unchanged. Wide arrows on the left indicate flow direction.
Rich populations of benthic phytoplankton feeders, including sponges, tunicates, bivalves, bryozoans and polychaetes, are ubiquitous in all coral reefs, both on the bottom (Photo 1; Yahel et al., 1998) and in numerous cryptic crevices within the substrate (Richter et al., 2001) . Our working hypothesis was that the feeding rate by this guild of benthic grazers was sufficiently high so that the amount of nutrients imported to the benthic community, in the grazed phytoplankton alone, could balance the leak of dissolved nutrients from the studied reef (measured by Korpal, 1991) . Furthermore, we hypothesized that the flux of phytoplankton biomass to the benthic community should be supported by turbulent mixing which serves to renew depleted waters near the bottom and to enhance mass transfer over the rough topography of this ecosystem (Thomas and Atkinson, 1997) . Accordingly, our control volume experiment was designed to simultaneously measure the rate of phytoplankton grazing by the coral reef community and the governing hydrodynamic characteristics of the reef.
The diverse reef community covered about a third of the rocky bottom, where upright corals and knolls created a typical bottom relief of the order of 0.5 m (Photo 3). The reef is exposed to moderate currents and the surface waves are almost always small. The open sea is oligotrophic, primarily during summer, with integrated water-column productivity of 0.05-0.2 g C m 2 d-' (Reiss and Hottinger, 1984) , while the productivity at the reef is 10-20 times higher (Barnes & Lazar, 1993) .
Since the distribution of plankton is notoriously patchy, we instrumented the coral reef using an array of densely-spaced samplers. Replicated samples were simultaneously obtained from 40 different points in the control volume using submerged pumps (Photos 3, 4), while currents and hydrodynamic parameters were measured with 5 different current meters (Photo 5), covering the entire water column. A control experiment was performed at one of the sites by covering the reef with a contour-fitting nylon sheet so that the benthic community was physically separated from the overlying waters (Photo 6). 
Photo 5. The tripod with the three down-looking Acoustic Doppler Velocimeters (background) and the bottommounted, up-looking Acoustic Doppler Current Profiler (foreground).
observed when the reef was covered with the sheet of nylon (the "null" experiment, see Photo 6). Based on the local C:N ratio, the observed grazing rate accounted for over 90% of the leakage of nitrogen-nutrients from this reef (Korpal, 1991) . Rates of phytoplankton grazing are frequently expressed using the surrogate term "clearance rate": the volume of ambient sea water (m 3) that contains a quantity (gr) of phytoplankton equal to the total amount removed by the benthic community. Our measurements indicated that I m 2 of coral reef "cleared" about 25 m 3 of water per day, more than the dense beds of mussels in the St. Lawrence Estuary (Frdchette et al., 1989 ) and 3-4 times higher than typical clearance rates estimated for bivalve beds in San Francisco Bay (Cloern, 1982; Cole et al., 1992) . Given that velocities over many benthic habitats such as the San Francisco Bay are much larger than what we observe over the Eilat reel how can the reef community sustain such high fluxes to the bed? The most likely explanation is the unusual topographic roughness of coral reefs that greatly enhances turbulence and mixing within the benthic boundary layer (O'Riordan et al., 1993; Thomas and Atkinson, 1997) . Is roughness the sole explanation?
From the standpoint of mass transfer, the bottom roughness can be characterized by the drag coefficient CD, i.e., the proportionality between bottom stress and the square of the current speed. Using our near-bottom current measurements to calculate CD, we found that CD = 0.01. This value is about four times higher than the canonical value typically found over flat bottoms (Gross and Nowell, 1983) , although not at large as values suggested by others which can be as high as 0.1 (e.g. Hearn, 1999) . However, while reef roughness enhances vertical exchange, turbulent mixing by itself cannot maintain high fluxes to the bed. Particularly in a system such as a long fringing reef where the current is predominantly along the reef (Figure 4a ), a progressive depletion of food should have been found far downstream. Our observations indicated that on a large scale (kin) no such gradient occurred, either in phytoplankton or their benthic grazers. Thus, an additional mechanism must replenish waters over the reef by transporting phytoplankton-rich waters from the open sea (Yahel et al., 1998) onto the reef. Such a mechanism would allow the reef community to maintain high grazing rates over large temporal and spatial scales.
In the gradually sloping Red Sea reefs, the mechanism is a thermal flow, driven by differential heating and cooling of the shallow water column over a slope, much like the pattern observed in lakes (Monisrnith et al., 1990; Farrow and Patterson, 1993) . During the day, inshore waters, because they are shallower, become warmer than those offshore, driving a surface outflow. At night, surface cooling causes the inshore regions to become colder and flow down the slope out into the stratified waters offshore. Our ADCP records clearly show this pattern (Figure 4b) . The cross-shore flows, although much weaker than the predominant longshore currents (Figure 4a) , play a special role in maintaining the overall flux of phytoplankton biomass to the reef from offshore. The operation of such a thermal flow over coral reefs was first suggested by Boden (1952) , who observed that the lagoon defined by Bermuda and its system of reefs was 0.2°C warmer than the nearby oceanic waters.
Conclusions
Our study provides the first direct measurements of plankton grazing by a benthic community over a deep open slope with a vertically sheared benthic boundary layer. The application of a physical-biological Control Volume with the use of a diverse array of advanced instrumentation, showed that phytoplankton grazing, a previously underestimated factor in coral reefs, constitutes a major source of carbon and nutrients to the reef community at our Red Sea site. Furthermore, the high topographic roughness, an ubiquitous characteristic of all coral reefs, plays a key role in enhancing turbulence, hence replenishing depleted waters near the bottom. In addition, the thermal cycling, a phenomenon generally expected in a shallow system with sloping bottom, plays a major role in replenishing the water over the whole reef, allowing high grazing rates to be maintained. Finally, because of its fundamental, basic nature, the classical Control Volume approach should be generally applicable for most benthic habitats, from the subtidal zone to the abyss.
